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PREFACE

The Army Symposium on Solid Mechanics, 1976, was the fifth in a series of
biennial meetings sponsored by the Technical Working Group (TWG) for Mechanics of
Materials, one of nine TWG's of the U.S. Army Materiel Development and Readiness
Command Materials Advisory Group. These meetings are coordinated by the Army
Materials and Mechanics Research Center (AMMRC) in Watertown, Massachusetts. The
first such conference was held in 1968 on the general theme of solid mechanics.
Subsequent meetings were held on the themes: Lightweight Structures (in 1970),
Ballistic Problems (in 1972) and Structural Joints (in 1974). This 1976 symposium
was held on the theme, Composite Materials: The Influence of Mechanics of Failure
on Design.

Participation in these symposia has broadened with time. Starting with the
1972 meeting, papers have been solicited from in-house and contract researchers
and designers for the Navy, Air Force and other Govermnment Agencies, in addition
to those for the Army. Beginning with the 1974 meeting, the Symposium Committee
was expanded to include representation from the Navy, Air Force, NASA and the
U. S. Army Corps of Engineers. These expansions recognize that many mechanics
research and/or design problems are not unique to a single service or government
agency.

Essentially, these symposia are a vehicle for enhancing the responsiveness of
the mechanics research efforts for the design of advanced military systems. They
also facilitate communications and coordination between and among researchers and
designers having common military theme interests whether they work for a govern-
ment service or agency, industry, or at a university or research institute.

No endeavor of the magnitude of this 1976 symposium could have been success-
fully conducted without the enthusiastic cooperation and support of many
individuals and groups. With fear of overlooking some whose contributions played
a key role, it is nevertheless fitting to acknowledge:

Headquarters, U.S. Army Materiel Development and Readiness Command and the
Materials Advisory Group for their support and cooperation in this undertaking.

The many authors and participants and Session Chairmen who made this
conference a success.

The reviewers from universities, industry and government organizations, for
their diligence in carrying out a thankless task.

Dr. Edward S. Wright, Acting Director of AMMRC. who welcomed the participants
at the meeting.

LTC Edward E. Chick Commander/Deputy Director of AMMRC who delivered the
Introductory Remarks at the Opening Session.

Dr. Wartan A. Jemian, Professor and Chairman, Materials Engineering, Auburn
University who delivered the Keynote Address on 'Composites Through the Ages."

And finally the clerical staff of the Mechanics Research Laboratory and the
Technical Reports Office of the AMMRC for their unflagging efforts in the prepara-
tion and printing of numerous symposium materials.
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WELCOME

Dr. Edward S. Wright
Acting Director, US Army Materials and Mechanics Research Center

It is a pleasure to welcome you all here today to open the Army
Symposium on Solid Mechanics, 1976.

The Army Materials and Mechanics Research Center has the responsi-
bility for operating the Materials Advisory Group (MAG) and its subordinate
Technical Working Groups (TWG's). The MAG functions directly under
the US Army Materiel Development and Readiness Command (DARCOM), and is
concerned with matters of policy, management and administration of the
Army's technology base programs in Materials and Mechanics. Operating
under the MAG are Technical Working Groups in several materials and
discipline-oriented areas. These groups are comprised of bench level
technical people who are selected on the basis of their expertise in
specific areas of materials and mechanics technologies. Perhaps the
most important function carried out by these TWG's is the exchange of
technical information.

One of these, the Mechanics of Materials TWG, was established in 1964,
to assist in formulating the Army wide program in solid mechanics and in
promoting scientific and technical interchange among DARCOM laboratories.
It is led by AMMRC, and is made up of engineers and scientists from
most of the DARCOM laboratories. This particular TWG has been the
most active of the groups in furthering the exchange of information;
the Army Symposium on Solid Mechanics being the principle vehicle.

This is the fifth in a series of biennial symposia. The first was
held in 1968 at The Johns Hopkins University, Baltimore, Maryland
under the general theme of solid mechanics. Subsequent meetings were
held in 1970 (Lightweight Structures at AMMRC), 1972 (Ballistic Problems
at Ocean City, Maryland) and in 1974 (Structural Joints at South Yarmouth,
Massachusetts). This 1976 symposium, also being held at South Yarmouth,
is, of course, being conducted under the theme, Composite Materials: The
Influence of Mechanics of Failure on Design.

Participation in these symposia has broadened with time. Starting
with the 1972 meeting, papers have been solicited from in-house and con-
tract researchers and designers for the Navy, Air Force and other Govern-
ment agencies, in addition to those for the Army. Beginning with the
1974 meeting, the Symposium Committee was expanded to include representa-
tion from the Navy, Air Force, NASA and The US Army Corp of Engineers.
This expansion is based on the recognition that research and design
problems in solid mechanics are not unique to a single service or
Government agency, and that this broader communications band would pro-
vide much additional and extremely useful interchange.




A new feature was added in 1974. A work with-progress session
was held. Based on the interest it received, it is being continued.

The specific objective of these symposia is to enhance the
effectiveness of the coupling between research and design requirements.
The anticipated results of this enhancement are two-fold. First, to insure
that research resources are being directed towards pressing design needs.
Second, to insure that design procedures reflect the best solid
mechanics technology that research has provided.

It is most appropriate that this meeting is addressing the
mechanics of failure on composite materials. It is clear that the
use of these materials is increasing rapidly. It is also clear that
design approaches based on those used for metallic structures are
not adequate; a new branch of the solid mechanics technology is
being developed - but there is a long way to go. This meeting
testifies to the fact that we are moving in the direction to fill
this gap in the technology.

Again, welcome to the symposium, and best wishes for a
successful meeting.




INTRODUCTORY REMARKS
LTC Edward E. Chick
Commander/Deputy Director

US Army Materials and Mechanics Research Center

I would like to first add my welcome, and express my pleasure for
being asked by the Symposium Committee to make a few introductory
remarks.

As you are well aware, this, the Army Symposium on Solid Mechanics,
1976 is to address composite materials technology. As you are also
aware, the Army has a vested interest in the exploitation of composite
materials for application to advanced military systems. The extent
and duration of the Army's interest may, however, not be evident to
the majority of symposium participants. Therefore, a short digression
on historical matters seems appropriate. In any case, in this bi-
centennial year there is a natural tendency to reflect on the past.

AMMRC professionals are rightfully proud of present progress but
are also_mindful of "ancestors' traceable to the Presidency of Andrew
Jackson(1) . For more than 135 years, AMMRC and its predecessor
agencies at Watertown have made important contributions to the U.S.
Army.

Materials research results in steel offer an excellent example
of the invaluable results of AMMRC advances for our Army. AMMRC
and steel literally grew up together. In the 1840's, AMMRC's predecessor
agency at Watertown was helping the U.S. Army develop the superior
cast iron that made its cannon the best in the world. Not so well
known, however, are the contributions of Watertown Arsenal in wire
wound composite guns. These were 10-inch, wire-wrapped, cast iron,
breech loading guns weighing 29 tons. The 17 ton cast iron body
was wrapped with 0.15 inch square wire with slightly rounded corners,
applied (for the most part) with uniform tension at 41,000 psi. Longi-
tudinal strength was prov}ded by axial bars or staves. The work was
suspended in June, 1886 (2) after several relatively successful tests.
In truth, these wire guns never passed the experimental stage. Nonethe-
less, they demonstrated a remarkable willingness to explore new concepts.

The continued study of mechanics of materials is demonstrated
by the famed Emery Testing Machine (ETM) installed at Watertown after
the Civil War.

Original motivation was to settle the raging controversy over
the suitability of steel for making cannon. It proved of great signi-
ficance in the study of metals, and was the prototype of a long line of
hydraulic testing machines, many of which are still in operation.




The ETM had a capacity for precision testing of 800,000 pounds in
tension and one million pounds in compression. Results of its tests
were published annually for 36 years, from 1882 to 1918, and an incredi-
ble range of materials types were studied(3). Nowadays, emphasis has
shifted to lighter weight, high strength materials with suitable environ-
mental resistance. For many years, the Army has sought to introduce
appropriate composite materials into aircraft, missiles, and armament.
Recent AMMRC contributions include investigation of graphite reinforced
aluminum graphite and Kevlar epoxies and the carbon-carbon materials.
Fundamental contributions have been made at AMMRC towards the utilization
of filament wound composites in lightweight antitank weapons, and the
development of carbon-carbon ballistic missile nose tips.

All of this sounds as if we can simply make the commitment to use
composites, and we automatically end up with a more mobile and effective
Army, and can accomplish this while saving money. Well, there is
promise, but there are many technological problems to be overcome. One
of the most important is our inability to predict failure of composite
materials in a reliable and consistent way. The reason for this symposium
is to focus attention on that problem in the hope that we may solve
it sooner and better.

Until we can develop valid and quantitative failure criteria,
composites can not be exploited to their maximum advantage; we can not
obtain our most attractive return on investment, and that is what
the Army's technology base program is all about.

At AMMRC, we are carrying out a major technology base effort
in composite materials which covers the spectrum from new materials
development and characterization through process research, development
and scale-up to reliability assessment, structural analysis and demon-
stration.

I do not want to take any more time from what promises to be a
significant contribution to our quest for better and more economical
ways to equip our Army.

REFERENCES

1. "Progress in AMMRC Materials Research for Army Needs,' Army Research
& Development News Magazine, May - June 1976

2. Gun Making in the United States, Col Rogers Birnie, Jr. Reprinted
from Journal of the Military Service Institution, War Department Document
No. 298, Copy Number 78, dated 1907

3. Index to the Reports of the Tests of Metals and other Materials made
with the United States Testing Machine at Watertown Arsenal, Massachusetts
from 1881 to 1912 Inclusive, Chief of Ordnance, Government Printing

Office 1913.




KEYNOTE ADDRESS: COMPOSITES THROUGH THE AGES

Wartan A. Jemian
Professor and Chairman
Materials Engineering

Auburn University
Auburn, Alabama 36830

ABSTRACT

The application and existence of composites is based on the concept of
synergism. Natural composites, such as wood and bone, are persistent reminders
that materials are best used in combination.

Man-made composites of early history are macroscopic. Early man combined
stone and wood to form useful tools and weapons. The ages of these artifacts
are measured in megayears. The ancient Egyptians incorporated straw in mud to
manufacture bricks. In this application, the straw promotes uniform drying
and hence reduces the production of cracks. These aspects of composites tech-
nology are forerunners but do not, in any way, indicate the full benefits to
be obtained.

The middle history involves attempts to duplicate texture through proces-
sing which results in neocomposites. Specific man-made composites in this
category can be identified. Examples are the Merovingian Pattern-Welded Blade,
of the 3rd century AD, the welded Damascus gun barrels of the 18th century,
and more recently, plywood. Although these composite materials relate closely
to modern composites, the similarities are more fortuitous than planned.

The modern history dates from the second World War. The objective is new,
namely, to create new materials by special combinations of well known materials
with the addition of new materials in special forms. The emphasis in modern
composites is on structure at every level. Examples range from fiberglass,
used in living structures and boats, to advanced composites, used in critical
sections of high performance aircraft.

Composites have traditionally been speciality items, although plywood and
other building materials are high volume commercial products. Concrete, the
highest volume man-made material, is classed as a composite. The need for
advanced composites is established but the technology is expensive and public
interest has not been awakened. Recent statistics show that composites
account for approximately ten percent of research funding and one-thousandth
percent of the GNP. Another recent report predicts that the activity in com-
posites will level off and possibly decline during this decade. The latter
was based, apparently, on projections for military funding and does not include
the spinoff applications in recreational equipment. There is every reason to
believe that any decline in the market activity will only be short lived.

There is the problem of definition, primarily to outline the domain of
technology necessary for effective progress. Structural composites technology
is already drawing upon the talents of metallurgists, ceramicists, and plastics
technologists. There are many subtle distinctions to be observed. Composites




technology is structure-intensive. The identity and significance of the
"structural components'" in materials phases as well as in the interfacial
region in materials systems is recognized. The literature and conference
presentations are devoted in ever increasing proportion to these features.

The descriptive elements include such terms as crystalline, crowdion, molecular
conformation, dislocation, and coherency. These are forced on us by circum-
stances and need.

This conference will further knowledge about structural elements in com-
posites and their effects on performance. Failure is any undesirable change in
shape or structure. Understanding the influence of these changes on design
requires detailed knowledge of the system. There are advanced tools for use in
analysis, testing and synthesis of mechanical characteristics. Looking for
such changes at every structural level, and designing to control them, is the
most promising approach to devloping future composites.
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FAILURE OF COMPOSITE PLATES SUBJECTED TO DYNAMIC LOADS

R. L. STIERAKOWSKI W. S. STRICKLAND

Professor Project Engineer

L. E. MALVERN C. A. ROSS

Professor Project Engineer

Engineering Sciences Department USAF Armament Laboratory

University of Florida AFATL/DLYV

Gainesville, Florida Ealin AFB, Florida
ABSTRACT

This paper presents the results of an experimental study to
determine fracture/failure mechanisms of flat fiberglass epoxy plates when
subjected to blast pressure and projectile impact. Fiberglass epoxy plates
with fifteen plies of 0-90° orientation were fabricated using various ply
and lamina arrancements. Plate failure begins by an interlamina delamination
mechanism with delaminations moving away from the impact point for centrally
impacted plates and delaminations moving away from plate boundaries for blast
loading. A delamination mechanism appears to be the dominant failure
mechanism for plates impacted below the critical penetration velocity and for
fixed edge plates subject to blast loads below the edge failure load.
Similar delamination patterns were observed in fiberglass cloth and polyester
matrix plates.

INTRODUCTION

Failure modes of monolithic metal plates subjected to dynamic loads are
influenced by many factors related to manner of loading and mechanical
properties of the plate material. Failure modes in dynamically loaded
composite plates are also dependent on material properties of the constituents
and, in addition, are areatly influenced by geometrical fiber arrangement and
spacina. Observed failure modes of composite materials are: fiber debonding,
stretching, breaking and pullout, delamination, matrix deformation and
fracture. Delamination induced by shear due to bending and sequential delam-
ination initiated by a generator strip appears to be important energy
absorption mechanisms for 0-90° layup fiberglass roving epoxy plates subjected
to projectile impacts and blast loadings, respectively. This type of
mechanism is especially apparent in the composite plates studied here at
impact velocities below the perforation velocity and for blast loadings below
that necessary for transverse shear failure.

Good penetration resistance for heavily delaminated glass epoxy plates
has been reported by Wrzesian [1]. Askins and Schwartz [2] also observed
extensive delamination in composite backup panels for armor applications.

Ross and Sierakowski [3] examined the influence of various fiber layering
sequences on the penetration resistance of fiberglass roving epoxy plates when
subjected to central impact. Cristescu, Malvern, and Sierakowski [4] sub-
sequently described the sequential delamination mechanism initiated by a




generator strip for the same plates reported on in Reference [3]. Several
papers [5, 6, 7] recently published by the authors describe this mechanism in
some detail. Literature reviews have revealed no studies of blast loading of
composite plates; however, flyer plate experiments conducted by deRosset EB],
for example, show delamination to be a major failure mechanism of boron epoxy
plates.

Fiberglass plates of the same type as those centrally impacted in
earlier studies [5, 6, 7] were subjected to blast loading using a fuel air
explosive (FAE) device. In addition, plates of woven roving (cloth) and
polyester matrix were fabricated and tested using the same FAE device. An
outline of the details of plate fabrication and a general description of the
delamination process, along with results, discussion, and conclusions are
given in the following sections.

SPECIMEN FABRICATION

Two types of fiberglass plates were fabricated for use in this study.
For the first case, twelve ended E-glass fiber rovings and epoxy were used to
fabricate crossplied layered plates containing fifteen layers and having
varying numbers of laminae. These plates were fabricated by winding the
roving on an aluminum mandrel mounted in a lathe. The lathe speed and cross-
feed were adjusted to produce a uniform array along the edge of the plate and
shims were used to agive spacing in the thickness direction. The winding
method used is shown schematically in Fiqure 1 and described in detail in
References 5 and 6. Specifically, Owens/Corning precision controlled E-glass
roving [No. 801AB-1167], Shell Epoxy 828 resin, and Magnolia Plastics Curing
Agent 400 were used in this fabrication process. Fifteen different ply
arrangements were fabricated using the layering sequences showr in Table 1.

Table I. Layering Arrangements in the Plates T=st

Number of

Code Layering Sequence Interlaminar Plines
b 1-1-1-1-1-1-1-1-1-1-1-1-1-1-1 14

c 1-2-3-4-5 4

d 2-1-2-1-2-1-2-1-2-1 9

e 2-2-2-2-2-2-2-1 7

g 3-1-3-3=3-1-3 6

h 3-2-3-2-3-2 5

i 3-3-3-3-3 4

Jj 3-4-3-4-1 4

k 3-5-3-4 3

1 4-1-4-1-4-1 5

m 4-4-4-3 3

n 5-1-5-1-3 4

r 5-4-3-2-1 4

) 5-5-5 2

p 8-7 1

10
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The ply arrangement or layering sequence shown in Table 1 indicates the
number of layers in each lamina, starting with the first lamina and progress-
ing rearward. Each lamina is oriented 90° to each of its neighboring laminae.
For example, a 1-2-3-4-5 plate has one layer in the first lamina, two layers
in the second lamina whose fiber direction is 90° to the first lamina, three
layers in the third layer whose fiber direction is 90° to the second lamina
but parallel to fibers in the first lamina, etc. A schematic of a composite
plate giving examples of plate components is given in Figure 2. Nominal
thickness of all 0-90° plied plates was 0.64 cm.

The second plate types tested were fiberglass cloth plates fabricated
using 4 oz.-Uniglass cloth, 24 oz.-Uniglass woven roving cloth and a polyester
matrix. Seven layer plates, 0.32 cm thick, were fabricated by alternate layup
of four layers of 4 oz.-cloth and three layers of woven roving. Thirteen
layer plates 0.64 cm thick were also fabricated by alternate layup of seven
layers of 4 oz.-cloth and six layers of woven roving. Both the cloth plates
and wound roving crossplied plates contained approximately fifty percent
fiberglass.

EXPERIMENTAL TESTS

The crossplied fiberglass epoxy plate fabrication technique produced
plates approximately 30 cm square. For the blast loading these plates were
used full size. For the central impact tests the plates were quartered to
give plates approximately 15 cm square. The central impact experiments were
conducted in the Engineering Sciences Composite Materials Laboratory at the
University of Florida. The plates were held fixed on all edges and impacted
centrally using blunt nose cylindrical projectiles of 0.96 cm diameter by
2.54 cm in length. The effective size of the plate in the holder was
approximately 12.7 cm square. The projectile was propelled by an air gun at
various velocities by varying the air pressure of the inner barrel chamber.
The velocities were measured at the end of the barrel just prior to impact by
an optical system using two 1ight beams directed through the barrel onto photo
electric cells. The time difference for the projectile to break consecutively
both beams of 1ight was displayed on a storage oscilloscope. A schematic of
the gqas aun assembly, plate holder, and velocity measuring device is shown in
Figure 3. The overall system is further described, in some detail, in
Reference 3.

The FAE gas bag technique used previously in blast loading of metal
plates [9] was used at the Test Evaluation and Experimental Facility at Eglin
AFB for blast loading of selected crossplied fiberglass plates 30 cm square.
A plastic bag 1.22 x 1.22 x 6.11 m supported by a metal rod frame containing
0.89 kg of methyl acetylene propadiene (MAPP) gas was detonated by 100 grams
of Data sheet explosive, and the resulting shock was directed onto the
composite plate held fixed on all edges. The effective size of the plate in
the holder was approximately 25.4 cm square. A schematic of the gas bag and
plate holder is shown in Figure 4.

_ Pressure time histories of both side-on and reflected pressures were
obtained in previous tests [9]. In all cases the given pressures are based
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Fiqure 2. Composite plate nomenclature. A. One layer and also a one
layer lamina. B. Three layer lamina. C. Two layer lamina.

D. Plate thickness.
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Figure 3. Gas qun assembly.
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on reflected values obtained from a nondeforming thick plate placed at
varying distances of D from the end of the FAE bag, as shown in Figure 4.

In order to check size effect, both 25 cm square and 46 cm square
fiberalass cloth polyester plates were tested for FAE blast loading.

DISCUSSION OF EXPERIMENTAL RESULTS

Central impacts of crosspiled fiberglass plates at projectile
velocities below the penetration velocity produced delaminated areas which
qrow progressively larger through the thickness of the plate. The delami-
nation mechanism presented in a previous paper [4] for central impact starts
as a strip one projectile diameter wide on the front lamina. This strip
then Toads transversely the second lamina generating a delamination between
the first and second laminae. The second lamina then in turn loads the
third Tamina causing a delamination between the second and third lamina, etc.
A schematic of this process is shown in Figure 5 in which the first generator
strip, one projectile diameter wide and lenath Ly generates a delamination of
area A] between the first and second laminae. A second generator strip of
length Lo generates a delamination of area A, between the second and third
laminae. Subsequent generator strips generate subsequent delamination areas.
As an example, a plate containing five laminae would contain four generator
strips corresponding to four delaminated areas associated with the four
interlaminar planes of the plate. A photoaraph of a back 1lighted 3-3-3-3-3
plate, Fiqure 6a, shows four delaminated areas corresponding to the four
interlaminar planes. For plates with more than four interlaminar planes it
is difficult to distinouish one delaminated area from the other, especially
in the case of the fifteen-lamina plate shown in the back lighted photograph
of Figure 6b. This type of plate shows a highly localized delaminated area
but distributed over many interlaminar planes, whereas plates with a smaller
number of interlaminar planes such as the 3-3-3-3-3 plate show larger delami-
nated areas.

Using a back lighted 3-3-3-3-3 plate, the delamination areas were
measured and plotted versus initial kinetic energy of the impactor in Figure
7. The straiaht 1ine plot was fitted to the data and is expressed as

= 3.5 + 0.315A K> 3.5 (1)

Where K is kinetic energy in joules and A is area in cm . For a kinetic
energy above 3.5 joules and below the kinetic energy where delamination ex-
tends to the plate boundary, the delamination fEacture surface ene qy Y
appears to be constant at about 0.158 joules/cm® (15.8x10° ergs/cm¢). This
value of vy is half the coefficient of A in Equation (1) because two surfaces
are formed by the delamination. This value is an ordeg of maanitude higher
than that for pure epoxy (0.5 x 10° - 1.5 x10 erqs/cm } obtained in static
tests by Bascom [10] and Sultan [11]; howevgr, it is of the same order of
maan1tude fgr polymethyl-methacrylate (2x10° ergs/cmé) and polystyrene (17 x
10° ergs/cmé) obtained in static tests by Berry [12]. Comparable static
fiqures for fiberglass-epoxy composite are not known.
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Blast loading of 25.4 cm square crossplied plates at loadings below
that necessary to cause edge failure results in delaminations that are
aenerated at the edages of the plates. Visual examination of these plates
using back lighting leads to the following general description of this type
of delamination mechanism:

Delamination begins at the edges and progresses toward the center of
the plate with the distance proagressed appearing to be proportional to the
amount of plate deflection and/or blast pressure. A traveling hinge movement
is assumed to account for the deflection. Delamination on the first inter-
laminar plane occurs on the edges normal to the fiber direction of the first
lamina. The next delamination then appears on the next interlaminar plane
and extends out from the other two edaes. This process then alternates
through the thickness and through all the interlaminar planes with a rearward
decreasing delaminated area. The time sequence of the delaminations is not
necessarily in this order but the front to back positions of the delaminations
are easily discernible. This delamination pattern is shown schematically in
Figure 8 for a five lamina plate, and a back lighted photograph of the same
type plate is shown in Figqure 9. This type of delamination mechanism for
blast loaded plates is readily discernible for plates with a low number of
interlaminar planes, and, as with the centrally impacted plates, the higher
the number of interlaminar planes the more difficult it is to differentiate
between delaminated areas. The higher the peak blast pressure the further the
delamination areas extend from the sides. This is quite evident in Figure 10
which shows a 3-3-3-3-3 type for three different blast pressures. A similar
type increase in delamination area, shown in Figure 11, is observed for the
same type of plate centrally impacted at three different projectile impact
velocities.

The relation between the delaminated area and the peak blast pressure

was found to be linear within measurable accuracy as is shown in Figure 12 for
two types of crossplied plates.

High speed photography using a shadow Moire technique, described in
Reference [9], showed that a blast loaded 3-3-3-3-3 plate deflected as much
as 3.81 cm at the plate center but rebounded to a permanent deflection of
.64 cm. Assuming the plate rebounds elastically, the major portion of the
work done by the blast load during the plate deformation is recovered during
the rebound. The unrecovered portion of the work may then be assumed to be
transferred to the plate. A rough approximation of the unrecovered work can
be obtained from an integration of the permanent deflection times the blast
pressure over the plate area. The time required for plate deflection and
rebound is of the same order of magnitude as the blast duration time; there-
fore, only half the peak blast pressure was used in this calculation. A
plate of this unrecovered work versus delamination area is shown in Figure 13.
The curve appears almost 1inear over the range shown and a straight line was
arbitrarily drawn through these points. The slope of this line is 0.862
joules/cm2 which would give a delamination fracture surface energy of 0.431
joules/cm2 because two surfaces are formed during the delamination. This
value of delamination fracture surface energy is of the same order of
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Figure 8. Schematic of delamination mechanism for blast loaded plates.
Representive of a five lamina plate. Circled numbers refer to
delamination sequence increasing from front to back. Edges
marked A are perpendicular to fibers in first lamina.

o & o @

5-4-3-2-1 plate at 2.59 MPa peak blast pressure

Figure 9.
and 0.78 MPa-sec impulse.
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1.52 MPa (220 psi)
0.31 MPa-millisec (97 psi-millisec)

2.59 MPa (375 psi) 4.14 MPa (600 psi)
0.78 MPa-millisec (120 psi-millisec) 1.32 MPa-millisec (130 psi-millisec)

Figure 10. 3-3-3-3-3 plate for various peak blast pressures
and impulse values.
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Fiaure 11. 3-3-3-3-3 plate for various impact velocities.
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magnitude as that obtained for the impacted plates.

Tests were also performed on fiberglass cloth plates of various sizes
and thicknesses. For centrally impacted plates, the delamination patterns
appeared very similar to the Tocalized delaminations of the fifteen-lamina
crossplied plates [Figure 6b].

Blast loading of the 25 cm square fiberglass cloth plates also
produced a delamination mechanism which extended from the plate edges toward
the plate centers. Typical patterns at two different blast pressures are
shown in Figure 14 for .64 cm thick plates. Several delamination areas are
present but because of the high number of interlaminar planes for this
thickness, the individual delaminations are difficult to distinguish from
one another. Because of ease of fabrication of fiberglass cloth, plates of
two widths (25 cm and 46 cm) and two thicknesses (.64 cm and .32 cm) were
tested. The .32 cm thickness plates for both widths showed very little
delamination but a rather uniform craze type pattern which might be expected
for a highly stressed membrane type composite plate. The thicker .64 cm
plates of 46 cm width show a delamination pattern very similar to that of
the smaller width plate shown in Figure 14.

CONCLUSIONS

Sequential interlaminar delamination appears to be the dominant
failure mechanism for centrally impacted plates at impact velocities below
the penetration velocity and for blast loaded plates at blast pressures
below that required for edgqe failure. However, for blast loading on thin
cloth plates ?.64 cm), interlaminar delamination is not as extensive as for
the thicker plates, even for blast pressure large enough to cause edge
failure.

For those plates where interlaminar delamination is prominent, the
total delaminated area is a linear function of either peak blast pressure
or the kinetic energy of the penetrator. Advantages of these types of
composites are that the energy due to loading may be spread over larger areas
with a possible increase in penetration resistance; however, this mechanism
may not be desirable for multiple impact loadings. In the case of blast
loading, the interlaminar delamination allows the central portion of the
plate to remain reasonably flat with 1ittle permanent deformation after
blast. In cases such as radar antennas where retention of surface contour
is very important, this type material may be highly desirable.

ACKNOWLEDGEMENTS

This paper represents the combined results of a U. S. Army grant with
the University of Florida, Gainesville FL and of an in-house test proqram at
the U. S. Air Force Armament Laboratory, Eglin AFB FL.




4.14 MPa (600 psi)

F J}” A ey 4 " b

5.52 MPa (800 psi)

24

Figure 14. Delamination pattern in 0.64 cm thick cloth plates.

T ST  —



10.

'l

12.

REFERENCES

Wrzesian, A. "Improving the Impact Resistance of Glass-Fibre Composites",
Composites, Vol. 3, 1972, pp. 172-174.

Askins, D. R. and Schwartz, H. S., "Mechanical Behavior of Reinforced
Backing Materials for Composite Armor", AFML-TR-71-283, Wright-Patterson
AFB, Ohio, Feb. 1972.

Ross, C. A. and Sierakowski, R. L., "Studies on the Impact Resistance of
Composite Plates", Composites, Vol. 4, 1973, pp. 156-161.

Cristescu, N., Malvern, L. E., and Sierakowski, R. L., "Failure
Mechanisms in Composite Plates Impacted by Blunt-Ended Penetrators", in
Foreian Object Impact Damage to Composites, ASTM STP 568, 1975, pp. 159-
172.

Ross, C. A., Cristescu, N., and Sierakowski, R. L., "Experimental
Studies of Failure Mechanisms of Impacted Composite Plates", Fiber
Science and Technoloay (in press, 1976).

Ross, C. A. and Sierakowski, R. L., "Delamination Studies of Impacted
Composite Plates", Bulletin of the 46th Shock and Vibration Symposium,
1975.

Sierakowski, R. L., Malvern, L. E., and Ross, C. A., "Dynamic Failure
Modes in Impacted Composite Plates", 105th AIME Annual Meeting, Las
Vegas, Nev., Feb. 22-26, 1976.

deRosset, W. S., "Fracture of Boron-Epoxy Composite Due to Impact
Loading", J. Composite Materials, Vol. 9 (1975), pp. 114-117.

Ross, C. A. and Strickland, W. S., "Response of Flat Plates Subjected to
Mild Impulsive Loadings", Bulletin 45, Part 4, Shock and Vibration Infor-
mation Center, June 1975, pp. 105-116.

Bascom, W. D., Jones, R. L., and Timmons, C. 0.,"Mixed Mode Fracture of
Structural Adhesives", Adhesion Science and Technology, Vol. 9B.

Sultan, J. N., and McGarry, F. J., "Microstructural Characteristics of
Thermoset Polymers", Mass. Inst of Tech.,MIT R-69-59, Oct. 1, 1969.

Berry, J. P., "Fracture of Polymeric Glasses" in Fracture, Vol. vii
(ed. H. Liebowitz), New York and London: Academic Press, 1972, pp. 37-92.

25




FATLURE BEHAVIOR OF FILAMENT WOUND CYLINDRICAL TUBES

Bernard M. Halpin
Chemist

Roger M. Lamothe
Mechanical Engineer

Edward M. Lenoe
Supervisory Mechanical Engineer

Army Materials and Mechanics Research Center
Watertown, Massachusetts

ABSTRACT

In this particular application, filament-wound fiberglass epoxy tubes were
required to contain a short-duration (10-millisecond) internal pressure pulse,
Because of time and economic constraints, initial material evaluation was based
on quasi-static hydroburst tests. Static hydroburst tests were conducted on
conventional helically wound cylinders with wrap angles of 60°, investigating
the influence of two types of glass surface finish (HTS 901, HTS 904) with four
epoxy resins (GLY-CEL C-200, EPON 815, EPON 826 and ERL 2256) on the burst
strength of the cylinders. Subsequently, explosive tests were completed on
those glass-epoxy systems which performed favorably under static loading. Spec-
imens were instrumented with strain gages and pressure transducers to monitor
continuous strains and pressures up to and including failure. Attempts were
made to obtain high-speed photographs during the explosive tests. Finally, as
part of a long-range program to improve design and analysis procedures utilizing
hot gas burst tests, thin-walled cylinders with four different fiber orienta-
tions and three different wall thicknesses were tested. The paper discusses
the observed effects of fiber and matrix materials and the observed static and
dynamic strength characteristics of these fiberglass shell components.

INTRODUCTION

In this application filament-wound cylinders were required to contain
rapidly applied pressures having pulse durations of the order of milliseconds.
However, materials selection had to be determined in a relatively short time
frame and initial economics dictated the use of hydrostatic burst tests for
screening candidate composites.

Cost and availability considerations were also decisive in choosing the
manufacturing process. Components were produced using conventional wet winding
procedures and relatively inexpensive epoxies and fiber reinforcements.

Test pieces described in this paper were fabricated on an EnTec model 830E,
a horizontal filament winding machine equipped with a photo-servo control mech-
anism. Wet winding techniques were used throughout the study with the resin
being applied to the reinforcement just prior to winding on the mandrel.
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Mandrels were designed initially for use in a telescoping launch tube study and
the test pieces represent the inner of the two tubes. Winding parameters were
set to insure constant wall thickness. This accounts for observed variance in
resin content between different resin systems and also for the consistency of
resin content within the same resin system. The mandrels were machined from
aluminum stock and to close tolerances so that the internal diameter of the
finished tubes would be 3,250°0-003"
-0.000

After winding to the desired wall thickness, the composite tubes were cured
while rotating between centers with Cal Rod heaters. In most cases, the tubes
were cured within an hour and then post-cured while still on the mandrels in a
forced air oven according to schedules required by the different curing agents.
Machining operations required to prepare test specimens were performed after
post-curing. The ends of the tubes were released from the mandrel by means of
a cut-off wheel, subsequently the tubes were removed by forcing them off the
mandrel on a load frame press.

INITIAL MATERIALS SELECTION

STATIC TESTS

Static hydroburst tests were completed in our laboratory as well as else-
where. Figure 1 is a schematic of our apparatus. Tubes with wrap angles of
+ 60° and consisting of four helical wraps (see Figure 1) were prepared.

+0.003
-0.000’ W31l
thickness. The specimens were instrumented with strain gages and the pressure,
strain time response was recorded during the burst experiments. At first the
tests were conducted on 36-inch-long tubes. In this instance, crazing of the
resin occurred at relatively low pressures. It was observed that chance devel-
opment of unsymmetrical local crazing and debonding stresses leads to severe
bending stresses and consequent low burst pressures., Shortening the specimens
alleviated this problem. Therefore all remaining tubes were shortened to 18
inches. In addition, for one resin system, 9-inch-long cylinders were burst,
in order to establish lower bounds on the magnitude of this length effect.

These cylinders were carefully ground to dimensions of (0.040

Results of the static tests are presented in Figure 2 for the various
fibers and resins. The materials are compared on the basis of nominal composite
strength, computed from simple strength of materials formulae (o. = PD/2t, where
P = burst pressure, D = mean tube diameter, and t = wall thickness). Note that
there is a significant length effect, as shown in the EPON 815 and 826 resin
systems, where the 9-inch tubes exhibit an observably higher burst strength.
Shorter tubes also had substantially larger coefficients of variation, illus-
trating more pronounced dependency on edge effects.

Resin contents of the tubes were fairly uniform, although metallographic
observations along the length of a few selected cylinders suggested substantial
variation throughout each cylinder. Referring to Figure 2, the various fiber/
resin combinations possessed similar magnitudes of nominal burst strength.
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Highest individual strength was attained in the S901/GLY-CEL C-200 composites.
However, the range in strength observations, as well as the limited number of
test specimens is such that it would be difficult to justify choice of one
composite over any other. Moreover, costs and relative ease of manufacture in
the wet winding operation were all comparable. Thus choice of a particular
resin/fiber combination was motivated by other factors.

The strength degradation of the EPON 826 system had been previously eval-
uated under field service conditions. Based on more than fifty burst pressure
tests on these tubes, strength reduction was not detectable within scatter of
the strength data.

Since the S901/GLY-CEL system had the highest mean strength and lowest
coefficient of variation, it was decided to determine whether any serious envi-
ronmental degradation occurred in this composite system.

ENVIRONMENTAL EFFECTS

The tubes were expected to be used in rather severe tropical environments
and it was therefore necessary to establish maximum degradation due to extreme
thermal and humidity influences. A controlled artificial environmental exposure
program was conducted to determine the amount of strength deterioration. The
conditioning cycle chosen was 160°F and 95% relative humidity [1]. Components
wound from HTS901 glass and GLY-CEL C-200 resin were exposed for a period of
16 weeks to this environment and burst tests were conducted periodically through-
out the exposure duration. It was found that approximately one third of the
strength was lost in the first six weeks. At the end of the 16 weeks of expo-
sure, strength appears to have leveled off to about one half the initial value.
Some of the results obtained are listed in Table I.

Table I Summary of Environmental Effects on Burst Strengths

$901/GLY-CEL-C200 Cylinders

Base Line Conditioned Cylinder
Burst Pressures, psi Burst Pressures, psi
2015 934
2040 997
2040 1004
2050 1046
2092 1092
2134 1103
2063 Average 1029
39 Standard Deviation 58
1.9% Coefficient of 5.65%
Variation
28




The design pressures for these tubes were 725 psi and from a conventional
safety factor view point the virgin burst pressures are certainly sufficient.
However, the environmental deterioration is drastic. While it is true that the
probability of occurrence of 160°F temperatures is rather low, nonetheless
service temperatures approaching 140°F are definitely anticipated.

Therefore, on the basis of potential environmental degradation effects the
GLY-CEL-C200 resin system was eliminated from further consideration.

HOT GAS BURST TESTS

Static strengths of the cylinders were substantially larger than the design
pressure; but it was apparent that the component reliability levels were severely
reduced due to the environmental exposures. Furthermore, in field service these
tubes had to retain dynamic pressures with orders of magnitude shorter duration
than in the hydroburst tests. Since high speed loadings were expected to result
in higher strength levels, it was prudent to determine the extent of deteriora-
tion of dynamic strengths.

Selection of sensors, instrumentation and hot gas generator was based on
review of pressure-time histories of actual field service in similiar types of
components. From representative pressure-time histories, the pressure rate,
magnitude and duration of the pressure pulse could be determined or at least
approximated.

A variety of experimental measurements were recorded during the hot gas
burst tests. Besides pressure-time pulses, strain (see Figure 3) and gross
displacements were studied. A schematic of the experiment appears in Figure 4.

INSTRUMENTATION

STRAIN GAGES

Selection of the strain gages was based on strain capacity (3-5%) and
power dissipation since fiberglass material is a very poor heat conductor. Two
types of gages were selected, e.g., Micro-Measurement (M-M) EA-06-125TM-120
Option L which is a general purpose two-element 90° rosette and M-M-EA-06-062TW-
120 Option L which is a so-called torque gage and can measure shear directly.

The strain gage site was carefully sanded and ground to remove resin with-
out abrading the fibers and also in order to insure close contact to the rein-
forcing fibers. Previous studies concerning effect of varying resin thicknesses
beneath strain gages on composite materials had shown that resin-rich areas can
drastically attenuate strain. Furthermore, nonuniform resin deposits lead to
increased scatter in the measurements and to spurious results.

In order to choose adequate adhesive bonding techniques, comparative data
was obtained on Eastman 910 and BLH-EPY 150 epoxy-bonded gages. While specimen
preparation is far less time consuming for the Eastman 910 adhesive, previous
experiences led to reasonable doubts as to suitability of this material for

29




dynamic tests. Thus a brief study was completed to determine suitability of
these adhesives. The gages on two of the cylinders were bonded with a BLH-EPY-
150 adhesive, while gages on two comparable cylinders were bonded with the
Eastman 910 adhesive. Standard surface preparations, bonding and curing tech-
niques were strictly followed. Results of three of these tests are shown in
Table II. Due to similarity of response of the epoxy-bonded gages only one set
of test data is shown. Examination of the strain-time curves for these tests
reveals similar early-time response. However, the tabulated data suggests that
the Eastman 910 bonded gages fail more often than the epoxy-bonded gages prior
to peak pressure. Thus BLH-EPY-150 was chosen for gage preparation in the re-
maining test series.

Table II Comparison of Strain Gage Response for Different Adhesives

BLH-EPY-150 Adhesive Eastman 910 Adhesive
Test: A-1 A-2 B-2
il 2025 psi 2197 psi 2666 psi
Pressure: psi psi psi
Strain Strain Strain
Gage # pwin./in. Gage # puin./in. Gage # yin./in.
1H 23,696 1 (BAD) = 1' H* -
2 L 29,295 o4 1)l 16,548 2 L -
3 H 36,284 SRHX 10,875 3 H 28,528
4 L - ANEE 25625 4 Lt 6,426
S H = S H 38,625 5 H 28,875
6 L 31,820 6 L 30,360 6 L 29,991
7 H* 20,116 7 H* 15,180 7 H* =
8 Lt 16,093 8 L 12,750 8 Lt 7,140
F1INS 5,246 11 S (BAD) - 11 S 13,912

*Gage broke before peak pressure
tGage broke before peak pressure but peaked out

PRESSURE TRANSDUCERS

Pressure measurements were obtained simultaneously at both ends of the
tube in the hot gas burst experiments. Verification of the accuracy of the
sensors was determined under static loading and compared to a Heise gage. Sub-
sequent calibration of the sensors was performed electronically utilizing a
test signal designed into the Kistler charge amplifier.

DISPLACEMENT TRANSDUCERS AND HIGH SPEED PHOTOGRAPHY

Measurement of radial displacements was attempted with a Bournes Lini-Pot
as the electronic sensor. The threaded end of the Lini-Pot shaft was coupled
to a spring loaded rod. The displacement assembly was then attached to the
hot gas burst fixture. Initially, some measurements obtained were somewhat
erratic but the mortality rate of the sensors precluded any further attempts
to monitor displacements.
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Visual records of dynamic tests were obtained with a Hycam 41-0004 16-mm
high speed camera. However, the expanding gas prevented any visual insight as
to the final mode and locality of the failure.

HOT GAS PRESSURE PULSE GENERATOR

The prime factor considered in designing the methodology for producing the
hot gas pressure pulse was simulation of the pressure rate to coincide with
actual field firing tests. The method arrived at for generating a uniform
pressure pulse consisted of electrically igniting a slow-burning propellant.
The propellant charge consisted of a measured amount of Improved Military Rifle
(IMR) Powder 8208 and an igniter encapsulated in a plastic bag (Figure 5).

Throughout the testing, the procedure for fabricating the igniter was not
altered and utilized the following components:

One electric squib type USF-107
Six grams of ignition granules 2C

One 2" x 5" x 0.10" thick sheet of M-8 propellant formed into a cylinder
and sealed at one end.

The overall dimensions of the finished product were 6" long x 2.16" in diameter,
Whenever possible, the propellant charge was located along the axis of the
test specimen and equidistant from its ends.

DYNAMIC STRENGTH OF GROUND TUBES

Composite tubes similar to those used in the static screening tests were
fabricated with helix wrap angles of +60° and nominally 40 mils thick. HTS 904
finished fibers and 826 epoxy resin were used. However, unlike the static
specimens which were tested in this as-wrapped condition, the outside diameter
of the dynamic test specimens was carefully ground to arrive at design dimensions.

Typical pressure-time records resulting from explosive tests on these tubes
are shown in Figure 6. Note that these pressure pulses can be superposed by
shifting the horizontal time axies, i.e., the major variation occurs in the
early rise time portions of the pulse. The burst data obtained is fairly re-
producible and this fact is borne out by the summary of burst pressures in
Table III,

Note the variation of pressure readings with locations. With the excep-
tion of test #4, higher pressures were observed at the top position. It should
be noted here that in each test the pressure transducer and associated read-
out equipment was alternated. The difference between pressures does appear to
be systematic with the upper transducer usually recording the maximum observed
pressure. However, when the maximum and minimum pressures are compared, the
scatter is within the accuracy of the experiment. The burst pressures under
dynamic loading are 43% higher on the average than the static results obtained
on identical samples listed in Table IV.

31




Table III Summary Burst Pressures (psi)

Transducer Position

Test No. Top Bottom
1 3195 3168
2 3148 2977
3 3138 3031
4 2747 3090
5 3146 3296

Average 3115 psi

Table IV Comparison of Static and Dynamic Burst Strengths, Ground Tubes

Specimen
Test Length, Type of Average Burst
Facility Inches Loading Pressure, psi
Lab "A" 18 Static 1858
Lab "A" 9 Static 2104
AMMRC 9 Static 2179
AMMRC 9 Dynamic 3115

PRELIMINARY EVALUATION OF DESIGN PROCEDURE

Thus far our observations lead to the conclusion that the current tubular
configuration has a substantial safety factor and as a matter of fact, the
design of the component is controlled by other criteria related to field hand-
ling and ruggedness. Furthermore, the helix wrap orientation had been selected
predominantly on the basis of a netting analysis combined with static burst
tests on cylinders and coupon tests performed on rectangular tension specimens
of HTS 904 and 826 resin and illustrated in Figure 7. A comparison of the
strength variation in a unidirectional laminate based on these coupon tests and
a classical failure theory [2] for composites is shown in Figure 8. While the
data closely matches the theoretical curve, this fit is more a check of the
ability of a nonlinear equation to fit a few test results, rather than a posi-
tive validation of a particular failure theory. Ability to predict the behavior
of the fiberglass components is the appropriate concern. The properties of a
single lamina deduced from these coupon experiments are given in the Appendix.

EFFECTS OF WRAP ANGLE AND LAMINATE THICKNESS

Using hot gas burst procedures just described, experiments were conducted
on cylindrical specimens with wrap angles of + 11°, + 30°, + 60° and 90°. The
number of helix wraps was also varied. Results available to date are shown in
Figures 9 through 14. In Figure 9, the general trend of dynamic burst strength
versus number of helix layers is shown for three configurations. Most of the
data accumulated has been on the + 60° orientation and the behavior of this
type of composite is well explored. As expected, the *+ 30° cylinders were
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significantly weaker than the other helix angles. Results for two thicknesses
of the * 30° material are shown and the two-layer shell has comparatively low
strength. This type of shell is rather compliant and accordingly subjected to
early crazing and easier penetration by hot gases. It is conjectured, there-
fore, that thermal influences become more significant in this case for the
thinner shells. As a matter of fact, more frequent and extensive burn throughs
occurred for the *+ 30° laminates.

The + 60° shell behavior is further illustrated in Figure 10, which is a
typical pressure, strain versus time recording. It is worthwhile to note that
only one of the gages indicated failure at peak pressure. (Hoop gage #1.)
Supposedly these gages were capable of a least 3% strain. A number of the other
gages failed at lower than 3% strain. There are several possible explanations;
either local failures occurred under the gages and terminated their response,
or the gages are otherwise blown off and incapable of continually following
large deformations. In any case the maximum strains reported ought generally
to be considered as lower bounds on total elongation.

Figure 11 compares strengths of the + 60° shells for several conditions,
The uppermost line of the illustration is dynamic strength for as-wrapped shells,
i.e., wet wound and cured without subsequent machining. For the four-layer
helix wraps these averaged 3700 psi. Other cylinders were prepared in a similar
fashion, except they were carefully ground to remove the slight exterior resin-
rich coating, in order to meet dimensional tolerances. This resulted in mean
strengths of 3150 psi. Surface-ground specimens were also statically hydroburst
and these shells attained average strengths of 2060 psi. Thus the as-wrapped
process resulted in 80% strength increase when compared to the static strengths,
Obviously it is worthwhile to seek alternate methods to grinding in order to
control tolerances. A final matched die molding step might, for instance, be
introduced in the curing operation.

The two lower curves are burst strength predictions based on moduli and
strengths measured by means of the flat laminate coupon specimens discussed
previously. The most elementary form of anisotropic shell theory was used.
For the lowest curve, measured moduli and strengths were used in the predic-
tions, resulting in very conservative strength estimates. The dashed curves
are based on increased transverse tension (40 ksi) and shear strengths with
obvious effect on the predictions.

The simplest shell theory and failure criterion is not adequate for pre-
dicting dynamic response but fortunately is usually conservative. In terms of
further assessment of higher order theories, it is well to commment on the
test procedure. One of the difficulties in comparing theoretical and experi-
mental shell response relates to specifying boundary conditions; i.e., fixed or
free ends, displacements and forces at the specimen end caps. The hot gas
apparatus was generally a close approximation to zero inward radial shell end
motion and virtually no axial friction loads. Figure 12, for example, is a
comparison of typical strain distributions throughout a + 60° cylinder, indi-
cating fairly uniform strain conditions. This uniformity is somewhat surpris-
ing considering that these are strains at failure. (Refer to Figure 10 with
apparently premature strain failures.)
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However, the magnitude of frictional forces apparently varies for differ-
ent wrap orientations. Consider Figure 13, illustrating typical hot gas burst
failures. The 11° and 90° laminates fractured with relatively small deforma-
tion. The 60° shell has undergone gross distortion while the 30° wrap typically
achieved extraordinary dimensional changes. Obviously, these characteristic
failures have associated varying shell end conditions. Note especially the 90°
shell where fractures invariably occurred at the specimen end caps, as well as
in the shell midsection. The 90° failure modes are further illustrated in
Figure 14, where fractures are shown for 2, 4 and 6 layers. The thinnest shells
generally failed in many more distant locations and also gave evidence of more
frequent burn throughs perhaps during bursting.

In order to attempt verification of higher order shell theories, it appears
that slightly different types of specimen end fittings would be required to
achieve consistent restraint conditions for the different helix configurations.

CONCLUSIONS

The series of static hydroburst and dynamic hot gas experiments discussed
in this paper have revealed the following:

The static and dynamic burst strengths of the composite tube under consid-
eration (i.e., * 60° wrap and 40 mils thick) are more than sufficient to with-
stand the anticipated loading conditions. It should be noted here that other
investigators [3] have conducted analytical and experimental studies of heli-
cally wound composite tubes. Their results indicate that the optimum winding
angle should be in the range of * 55 to + 58 degrees.

Environmental effects must be considered in the selection of fibers and
resins for a given application,

Surface grinding for dimension control results in a marked reduction in
burst strengths.

Further refinements are required in specimen end fittings as well as alter-
nate shell edge constraints to provide some meaningful comparison of theoretical
and observed shell response.

Finally, in order to make reasonable predictions on dynamic response, the
dynamic mechanical properties (moduli and failure strengths) must be obtained
on representative configurations,
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APPENDIX. Single Lamina Properties from Coupon Tests

Mechanical Property Average Value
Longitudinal Modulus, Ej 7.58x10° psi
Transverse Modulus, E; 1,77x10° psi
Major Poisson's Ratio, vj3 0.267
Minor Poisson's Ratio, V33 0.065
Shear Modulus, Gjs 0.50x10° psi
Longitudinal Tensile Strength, o; 233.3 ksi
Transverse Tensile Strength, o» 7.33 ksi
Shear Strength, T3> 7.46 ksi

The shear modulus was estimated using uniaxial and off-axis test data and the

relation
1

(4/Eys°) - (1/E ) - (1/E ) (1-2v;5)

Gyp =
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ABSTRACT

An experimental-empirical study of 50 percent volume fraction Borsic-Ti (3A1-2.5V) equal
leg angles at room temperature revealed high post-buckling strength throughout a wide practical
range of b/t. This strength is achieved without the necessity of cross-plying or the use of interleaving
in the unidirectional laminate. Empirical equations for both buckling and crippling are presented in
a form useful for extension to elevated temperatures and/or improvements in the basic material
propertics. Comparison with other materials is presented and recommendations are given for
extending the present data to other shapes.

NOMENCLATURE
A = area, in.2
a = effective width of outstanding leg, inches
b = effective width of outstanding leg, inches
E. x = tension modulus of elasticity in longitudinal direction, lbs/in.2
Eyy = tension modulus of elasticity in transverse direction, Ibs/in.2
(M) g = compression modulus of elasticity in longitudinal direction, Ibs/in.2
(Ec)yy = compression modulus of elasticity in transverse direction, Ibs/in.2
e = strain, in./in.
(Fec)xx = crippling stress in longitudinal direction, Ibs/in.2
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(Fer)xx = initial compression buckling stress in longitudinal direction, lbs/in.
(F cu)xx = ultimate compression stress in longitudinal direction, lbs/in.2
(en) s = ultimate tensile stress in longitudinal direction, Ibs/in.2
ny =  shear modulus, lbs/in.2
L, J4 = length, inches
P = load, lbs
(Pec)xx = crippling load in longitudinal direction, lbs
2y = initial compression buckling load in longitudinal direction, lbs
R =  corner radius, inches
t = thickness of laminate, inches
w = total width of outstanding legs, inches
GREEK SYMBOLS
ny’ Vyx =  Poisson’s Ratio, dimensionless
p = density, lbs/in.3; radius of gyration, inches

INTRODUCTION

Unidirectional filamentary reinforced metal matrix composites are of interest in stiffened
panels and stringers because of their very high specific stiffness. Typical cross sections are angles, T,
Z, 1, hats, etc. The majority of aerospace structures containing these shapes are designed for
compressive loading. The anisotropic strength and modulus of metal matrix composites complicate
the analytical treatment of these otherwise simple structural elements. Since theoretical buckling
calculations of composite elements have been reported to be nonconservative (1], it is important
to obtain experimental data on these systems. Therefore, a series of angle specimens covering a wide
range of b/t was constructed of Borsic*-Ti (3A1-2.5V) and tested in compression to obtain buckling
and crippling strength. The purpose of this program was primarily to assess the post-buckling
strength of formed shapes in the longitudinal direction and to obtain data for comparison with
other materials. Although the test program, consisting of fifteen specimens, was limited to room
temperature, the use of empirical equations in terms of the appropriate geometry and material
property factors allows extension to other temperatures. The titanium matrix was selected because

*Borsic is a registered trademark of Composite Materials Corporation
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the material is being considered for elevated temperature applications. The titanium alloy was also
chosen because the high transverse strength was expected to resist induced transverse bending stress
and increase the crippling strength.

The Borsic fiber used was 5.7 mils in diameter and consisted of a boron substrate with a
0.1-mil coating of silicon carbide to reduce interaction with the matrix. The Ti-3Al-2.5V alloy is a
near alpha alloy having good formability, notch tensile strength, and corrosion resistance. Typical
applications for this alloy are ducting, honeycomb, and sheet metal fabrications. Of particular
interest is the alloy availability in foil form at low cost. At 50 volume percent reinforcement, the
composite achieves rule of mixture modulus values. Typical longitudinal ultimate tensile strength
values are approximately 170,000 to 180,000 psi and transverse ultimate tensile strength values are
60,000 to 70,000 psi [2]. In general, the compressive ultimate strength of the composite is three or
four times higher than the tensile strength [3]. This is due to the brittle fiber which reacts to
surface flaws in tension but not in compression. These higher compressive strength values are well
known in metal matrix composites (4] but are realized only with great difficulty experimentally,
by preventing buckling and forcing a compressive failure mode. The shear strength of a titanium
matrix composite corresponds to the shear strength of the matrix [3] and may be taken as 60,000
to 70,000 psi for this composite system.

Titanium matrix composites are used in applications requiring elevated temperature
capability, off-axis strength, matrix shear strength, erosion and impact resistance, and ease of
diffusion bonding. Borsic-titanium is an attractive candidate for service temperatures above 450°F
and maintains useful strength to 1000°F. The high off-axis strength of Borsic-titanium frequently
eliminates the need for cross-ply construction. The high matrix shear strength of titanium and the
case of diffusion bonding allows the attachment of the composite without complex end or joint
geometries. Borsic-titanium also has impact resistance superior to either resin matrix or
boron-aluminum composites.

Applications for titanium matrix composites may include use of a completely reinforced or
selectively reinforced component. Examples of complete reinforcement are applications such as
compressor fan blades, struts, reinforcing members, and skin covering. Selective reinforcement may
be used to increase stiffness, tensile strength, compressive strength, or shear strength in specific
locations of existing components or structures and has been used for fan blades and aircraft
structural sections. The maximum potential of composite materials is realized when the properties
of the composite are considered in the initial design stage rather than in a subsequent modification
of an existing design.

SPECIMEN DESIGN AND FABRICATION

Angle specimens were designed for a wide range of b/t typical of outstanding leg dimensions
of typical airframe components. To prevent, as nearly as possible, column action the slenderness
ratio was established as Ljo 12 to ensure local instability failures. Table I shows the specimen
dimensions selected for test where three replicates of each b/t ratio were fabricated.
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Table I. Specimen Dimensions

l';/t R t
Ref) | w, | £ |(R = 61)|(Nominal)} Fe———— £+0.008 > ﬂ)‘gw_»
Nominal | in. | in. in. in. ’
10 |[040] 100|024 | 0040 : w 1
15 0.60| 1.50 L Longitudinal R w
20 |0.80| 200 Direchion i:0.010r
30 |1.20] 280 _J_
40 |160| 375|024 | 0.040

—>‘ b 1

The crippling specimens were fabricated of 50 volume percent Borsic-Ti (3Al-2.5V) in a
unidirectional laminate. The fabrication process employed vacuum press diffusion bonding which
provides good properties and is applicable to the production of reinforced metal matrix composites.
The basic fabrication procedure involved press bonding of monotapes, bending the monotapes into
the required radii, and subsequently diffusion bonding the monotapes together into the five-ply
laminate crippling specimen.

Monotape fabrication was performed in a vacuum after collimating the fibers by drum
winding and placing the resulting mat in between two plies of rolled titanium alloy foil.
Consolidation conditions were 1550°F/25 ksi for 15 minutes. The resulting monotape is completely
dense with the filaments very uniformly spaced. Monotapes up to 15 fect in length have been
produced in this manner by step press bonding.

Monotapes were formed to the required radius at elevated temperature and were nested in
packs of five to obtain the differential radii required from the I.D. to the O.D. of the corner radius.
A typical formed monotape is shown in Figure 1. No difficulty was encountered in forming to the
1/4-inch radius. The monotapes were then cleaned and etched to 50 volume percent reinforcement
prior to bonding together.

The crippling specimens were then diffusion bonded in a vacuum using the nested individual
monotapes. The final bonding operation was performed in an 1N-100 die which consisted of a
radiused V-block female member and a radiused “V” punch. The individual monotapes bond
together with bare metal strength. The basic advantage of the monotape approach is that the fibers
are very uniformly spaced and do not move together during subsequent fabrication.

The angle crippling specimens produced are shown in Figure 2. All specimens were inspected
by radiography, metallographic sections cut off from the ends, and optical microscopy of the
as-machined specimen ends. Selected specimens were destructively evaluated by dissolving the
matrix to ensure that no filament breakage had occurred. A typical microsection is shown in Figure
3. The filaments were well distributed, the initial monotape well consolidated, and the monotapes
were completely bonded together.
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Figure 1. Borsic-Ti (3—2-1/2) Monotape Bent to Figure 2. Borsic-Ti (3—2-1/2) Crippling
1/4-inch Transverse Radius Specxmens

Magnification: 12.5X

Figure 3. Macrosection of Typical Borsic-Ti (3—2-1/2) Crippling Specimen

MATERIAL PROPERTIES

Material properties were obtained from various sources as shown in Table II. Of particular
importance are the unidirectional compression modulus and the unidirectional compression
strength. References are shown for each of the material property values with (Fcu)xx being
obtained from IITRI [3] data and the compression modulus, (E.)xx, obtained from strain gage
data during the investigation described herein. Reference [3] indicates the ultimate compression
strength, (Fey)xx, to be 690 ksi for a unidirectional Borsic-Ti laminate of 45 percent volume
fraction. In these laminates the matrix was Ti-6Al-4V rather than the Ti-3Al-2.5V matrix used in
the present investigation. However, both rule of mixtures and a strain analysis show the 50 percent
volume fraction Ti-3Al-2.5V laminate to have nearly identical compression strength with the 45
percent volume fraction laminate using the Ti-6Al-4V matrix as reported in Reference [3].
Therefore, the value of (Fcy)xx = 690 ksi may be accepted as a typical compression strength of the
laminates and specimens described in this paper. Average values for two strain gages are shown in
Table I1I for the compression modulus, (E¢)xx-
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Table 1. Borsic-Ti Material Properties

TENSILE MODULUS

6 .
Exx 33 x 10" psi

(TRW data)

23 x 108 psi*

It

f

RW dat
vy (T data)

COMPRESSION MODULUS

(Eg)y, = 385x108psi* (CAD data from
angle test specimens)

SHEAR MODULUS

= 6 ..
ny = 11.25 x 10" psi

COMPRESSION STRENGTH
(F = 690,000 psi*, Reference [3]

CU)XX

TENSILE STRENGTH

(Fuylux = 170,000psi  (TRW data)
POISSON'S RATIO

Py = 0.25%, Reference [3]

Pyx = 0.17*, Reference [3]
DENSITY

p = 0.125 Ibs/in.3 (TRW data)

Table I11. Compression Modulus of Elasticity
from Strain Gage Data, Borsic-Ti Angles

b,/ Compression Modulus of Elasticity,
' (ECC)XX' pst
9.4 36.8 x 105
9.2 405 x 105
13.8 38.8 x 108
13.7 39.7 x 105
14.1 36.5 x 109
19.5 38.0 x 109
19.1 39.2x 108

Average (Ec)xx = 38.5 x 106 psi

*Values used to define empirical equations

TEST PROCEDURE AND INSTRUMENTATION

All tests were performed at room temperature on a 10,000-pound Instron test machine.
Although the specimens were found to be flat and parallel on the loaded ends, an aluminum plate
was placed between the specimen ends and the loading head of the test machine to ensure a
uniformly distributed load. The cross-head speed was 0.05 inch/minute for all tests and
load-deformation curves were continuously plotted on the Instron chart recorder to ascertain the

peak load for crippling definition.

Specimen instrumentation consisted of two back-to-back axial strain gages at the edge of one
outstanding leg and located in the center of the specimen lengthwise. Each strain gage was read
separately and continuously recorded on an X-YY recorder to determine the point of initial
buckling and provide data in the elastic range for compression modulus of elasticity definition.




BUCKLING ANALYSIS

Buckling data from eleven specimens were utilized to determine the initial buckling
characteristics of the outstanding legs of the angle specimens. These included three specimens at
b/t =9, three at b/t = 14, three at b/t = 19, and two at b/t = 29. See Figure 4 for the definition of
b/t which allows for equal or unequal leg angles according to Reference [5]. The definition of
buckling stress was determined from the two back-to-back strain gages mounted longitudinally at
the outer edge of one leg of the angle. Figure 5 shows typical curves obtained from the two strain
gages with strain plotted versus applied load for a specimen with b/t = 19.1. These curves illustrate
the linear variation up to initial buckling and the strain reversal as the crippling load is approached.
For a more precise definition of the initial buckling stress the bending strain (Ae), as shown in
Figure 5, is plotted in Figure 6 versus the applied compression stress. Two typical curves are shown,
one for b/t = 14.1 and one for b/t = 19.1, with the initial buckling stress defined by (F.;)xx. This
procedure was followed for each of the app]lcab]e specimens. In the hlgher b/t ranges the strain gage
data were somewhat erratic due to initial waviness or slight eccentricities and were not considered
reliable. Using the above definition of buckling stress from the experimental data the buckling
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=

Figure 4. b/t Definition for Angles
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stresses were plotted versus b/t on a log-log plot as shown in Figure 7. For buckling of isotropic
materials this results, basically, in a linear plot. Therefore, it is interesting to note from Figure 7
that the data from the orthotropic Borsic-Ti angle legs indicated a linear relationship. With this
assumption a least squares fit of the data produced the straight line in Figure 7 defined by the

general equation

= _ 106 11.523
(Fcr)xx = (471x10 ) (t/b) (1)
200 T T L 1
SS
:///////////////
P 4 # P
/] 9
——— [ —
SS 4 l, SS
“ /i
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Figure 7. Buckling Data for Borsic-Ti Equal Leg Angles
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However, to allow more general use of the buckling equation for elevated temperature or
improvements in material properties, a form of the equation is defined which is equivalent to the
isotropic plate buckling equation where

Fals = k E 2 e)n
T 12 -0?) \b/- 2)

Substituting E = J (E¢)xx (Eclyy) and v2 = Vxy Pyx with n = 1.523 the equation for Borsic-Ti
plates with one edge free becomes

0.184 72 (Ec)xx (Eclyy (t) 1.523

(F I')XX =
c 12 ( b 3)

to fit the data of Figure 7. Note that the buckling coefficient, k, apparently has a value of 0.184.
For isotropic materials this value is highly dependent on the aspect ratio of the plate. However, for
the dimensions of the outstanding legs of the test angles there was very little difference in the aspect
ratio. Therefore, no inference can be drawn on the variation of the buckling coefficient, k, with
aspect ratio and the value of 0.184 is adequate for all test specimens.

1- ny Vyx)

For comparison in Figure 7 the orthotropic plate buckling equation from Reference (6] was
selected for comparison. This equation is recommended by Reference[7]. From Reference [6]
the buckling load per inch on a plate with one edge frec and three sides simply supported is defined

by

8 B -7
Neyx =t {ny/bz + mew (Ec)xx/[lz £2 (1 _kp_%y (Ec)yyl(Ec)xx)]} (4)

where m is the number of half-waves in the x-direction. Thus, the smallest buckling load in
Equation (4) is defined with m = 1. From Equation (4) the initial buckling stress according to
Reference [6] would be

(Fcr)xx - tz { xy/b2 + w2 (E ) [12'22(] *V Xy EC)Y)’,(EC)X;\-)]} a

This equation appears to be somewhat unconservative at b/t < 14 and conservative at b/t >
14 based on the present test data shown in Figure 7.

For a summary of the buckling loads and stresses, refer to Table IV which also defines the
post-buckling strength of the specimens.
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Table 1V. Buckling/Crippling Test Summary, Borsic-Ti Equal Leg Angles

i Initial o Crippling
b/t Are2a, Buckling Load, Buckling Stress, Failing Load, Stress
in. (Por)xx: fbs (Fordyx: Psi (Peclxx: 105 (Fec)xx: PSI

9.4 0.0280 3,985 142,305 5,420 193,600

9.2 0.0279 4,719 169,155 6,000 215,100 o

9.0 | 0.0257 4,117 160,205 5,320 207,000 1.292
13.8 | 0.0414 3,490 84,309 4,830 116,700 1.384
13.7 | 0.0417 3,590 86,099 4,890 117,300 1.362
141 0.0412 3,669 89,052 4,860 118,000 18325
19.0 | 0.0573 2,948 51,462 4,450 77,700 1.509
19.5 | 0.0573 3,128 54,595 4,320 75,400 1.381
19.1 0.0583 3,047 52,268 4,440 76,200 1.457
28.7 | 0.0915 2,625 28,683 4,650 50,800 1.7
28.7 0.0906 2,685 29,635 4,900 54,100 1 825
28.7 | 0.0902 > - 4,900 54,300 =
39.5 0.1180 ¢ . 4,620 39,200 |
39.7 0.1193 - * 4,720 39,600 ——
38.6 | 0.1228 L - 4,800 39,200 =

*Erratic strain gage results produced by slight eccentricities or waviness of the outstanding legs.
'y 1 1 i

CRIPPLING ANALYSIS

The test data obtained from the fifteen angle specimens are summarized in Table IV and
plotted in Figure 8. This figure shows a log-log plot of crippling stress, (Fcc)xx, versus b/t to
determine linearity for equation definition. It is obvious from Figure 8 that a single linear equation
would not represent the data satisfactorily, but it appears that a two-piece linear representation
would be quite adequate. Therefore, it is necessary to define two different equations, one for each
linear segment. From Reference (5] each lincar segment is represented by a least squares fit
equation of the form

(6)

(F = K/(b/t)™

CC)XX

Two least squares solutions were performed. The low b/t segment utilized nine data points for b/t =
9, 14, and 19. The higher b/t segment used nine data points for b/t = 19, 29, and 39 where exact
fax]mg stresses and b/t values were used in the least squares solution. The least squares solution
equations in the form of Equation (6) are

» K 4.01 x 109 :
B ) = (b'/t)1'34 = (b,/t)1-34 (lower b/t range)
and 7)
(Fee) = 5 = 1.655 x 10° (higher b'/t range).
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Crippling Stress, (Fcc)xx' psi x 10—3
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Figure 8. Crippling Data for Borsic-Ti Equal Leg Angles
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Equating Equations (6) and (7) leads to the intersection point

b/t = 17 and (F = 90,500 psi.

CC)XX

The basic empirical equations for crippling stress for the Borsic-Ti angles are

_ 4.01x 10°
(b'/t)l.34

(F o)y ; bje <17

1.655 x 100

. ble> 17.
(b'/t)l.027 3 'blvz 17

Although Equation (8) is sufficient to determine the crippling stress for any b/t value at room
temperature, the equations are not sufficiently general to allow for elevated temperature properties
or improvements in material properties for the Borsic-Ti. Therefore, the procedures of Need-
ham [5] are utilized to provide a more general equation which includes material property
parameters.

In Equation (6) the form of K is based on the effective width equations of von Karman|[8]
and Marguerre [9] where the proposed form for K is

m
=C J o P B 9)

Since m was selected as 2 for isotropic materials it will also be assumed to be effective for the metal
matrix materials. From References [8] and [9] fg is the stress at the junction of flat plate
elements and ordinarily would be selected as the compression yield stress, Fey, for isotropic
materials. However, metal matrix materials do not possess an offset yield stress and some other
reasonable value must be selected. Spier [10] essentially uses (Fyy)xx as a value of fge for boron-Al
but there is no justification for this value other than the fact that no compression data were
available. Also, since a stress-strain curve for metal matrix materials is essentially straight a yield
point would be very difficult to define. This leads to the conclusion that a compression ultimate
stress, (Fcy)xx, would be a logical choice in place of the F¢, used for isotropic materials.
Furthermore, the general equations are intended for extension to ¢elevated temperature use and for
improvements in material properties. This dictates that a representative compression strength value
such as (F¢y)xx be used since the variation of (F¢,)xx with temperature may well be different than
the variation of (F,)xx with temperature. Therefore, the value of fe in Equation (9) is replaced
with a value for (Fy)xx- From Reference [10] the value of E in Equation (9) can be replaced by

E= Y(Edy (Eoyy (10)

Substituting (F¢y)xx» m = 2, and Equation (10) into Equation (9) yields
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2
= C Y (Feuex [Ec)y (Eolyyl (11)

The values of the coefficient, C, are defined by Equation (11) for the two linear portions of the
curve (b/t <17 and b/t > 17) The material propemes used are (F¢y)xx = 690,000 p51, (Ec)xx =
38.5 x 106 psi, and (E =23 x 106 from Table II. With K = 4.01 x 106 for b/t <17
and K =1.655 x 106 for blt > p], the values of the coefficients are

C

0.885, b/t < 17
(12)
o

0.365, b/t > 17.

Substituting the values of C from Equation (12) into Equation (11) and hence into Equation (7)
yields the general equations

0.885 J(Fcu)xx I:(Ec)xx(Ec)y)Ellﬂ | (bJe) 3% e < 17

"

(FCC)XX

(13)

(F 0.365 ‘/(Fcu)n [(Ec)xx(Ec)y,J”z/ (5761927, b > 17.

CC)XX

A test data summary is presented in Table IV where an indication of the high post-buckling
strength of Borsic-Ti is shown in the last column. Photographs of the failed specimens are shown in
Figure 9. All failures were indicated by the Instron chart recorder as the peak load was reached. All
specimens except those at b/t = 10 exhibited excellent resiliency and no transverse cracks or
delaminations were observed after unloading from the peak load. Some local failures and lateral

Figure 9. Typical Failed Borsic-Ti Angle Test Specimens
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instability were observed, however, in those specimens with b/t = 10. Some permanent buckles
were observed in the larger b/t specimens but no sharp wrinkling or catastrophic failures were in
evidence. Post-buckling strength and failures were similar to isotropic materials except for the
sudden catastrophic failures common to isotropic metal crippling failures. This difference is believed

to be due to the high stiffness, high strength, and lack of a definite yield point for the Borsic
filaments.

A comparison with the boron-Al data of Spier [10], and Otto and Bohlmann [11] is shown
in Figure 10. These metal matrix materials exhibit greater efficiency than the best of the isotropic
metals in present use as shown in Figure 11. In this figure the clear superiority of Borsic-Ti is shown
when used in a unidirectional compression load application throughout a wide range of b/t.

Recognizing the quasi-isotropic behavior of the Borsic-Ti angle test specimens leads to the
conclusion that the data presented herein could be readily extended to tubes, V-groove plates,
multicorner sections, and stiffened panels using the “g-correlation” scheme of Gerard [12]. This
would only require fitting Gerard’s basic crippling equation to the two linear portions of the curve
presented in Figure 8.
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CONCLUSIONS

In summary, a high degree of post-buckling strength is present in unidirectional Borsic-Ti
without requiring cross-plying or interleaving titanium foil. This capability is attributed to the high
interlaminar shear strength and high transverse strength of the titanium matrix. The empirical
equations presented for buckling and crippling utilized appropriate available mechanical property
data at room temperature and are considered adequate for extension to elevated temperature
application and improvements in the basic material properties. For the most accurate use at elevated
temperature the best procedure is to use a curve of percent room temperature (Fgy)xx versus
temperature with the value at room temperature taken as (F¢y)xx = 690 ksi since this value was
used in the equation for crippling. Using this procedure, neither the equation constant nor exponent
would be affected which allows direct use of the equation presented herein. Tentatively, it may be
recommended that the data presented may be used with the ‘“‘g-correlation” scheme of Gerard [12]
for extension to other formed shapes.

It is, therefore, recommended that some further effort investigate the extension to high
temperature application and to more practical formed shapes as well as V-grooved plates.
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ABSTRACT

During a series of compression tests, post buckling behavior was observed of A-S§/3501
graphite/epoxy laminated plates and channels; layups were [i45A/OB/¢45A]T for B/A ratios of two
four, and six. These laminates spanned practical configurations for plate elements of stiffeners.
Plates and channels were designed for a crippling test program in which the loaded ends of the test
specimens were clamped, and the unloaded edges of the plates were simply-supported. Post buckling
behavior of the laminated plates was surprisingly analogous to that of isotropic metal plates.

)

NOMENCLATURE
b =  Width of plate
bg = Width of channel flange measured to mid-surface of channel web
by =  Width of channel web measured to mid-surfaces of channel flanges
B = Number of O-degree plies in laminate
I, =  Free length of laminated specimen before mounting in end blocks
L =  Effective column length
pec = Ultimate or crippling load
per = Classical theoretical linearly elastic buckling load
Pic" = Incipient buckling load
t = Mean thickness of laminated plate or channel
Pmin =  Minimum radius of gyration of channel cross-section
INTRODUCTION

Compression testing of graphite/epoxy laminated plates and channels was performed to obtain post
buckling characteristics and determine ultimate or crippling strength [1] of these structures. In this
research, the behavior of the plates and channels is observed at and beyond the point of incipient
buckling; further, the incipient buckling value is compared with that predicted by the elastic
buckling theory, used widely for estimating the buckling strengths of graphite/epoxy plates and
channels.
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EXPERIMENTAL PROCEDURE

Dimensions of flat plate test specimens are given in Figure 1. Figure 2 shows one of the longer
specimens in the test fixture with the loaded ends potted in aluminum blocks and unloaded edges
supported in the V-grooves of steel plates (Figure 3). Unloaded edges are considered to be
simply-supported if the test specimen is free to move in the loaded direction without friction in the
blocks; the blocks, then, prevent lateral movement of unloaded edges to the point of incipient
buckliﬁg. Beyond this point, warping of the specimen could occur, resulting in some laterai
movement of the unloaded edges. After the V-groove plates are adjusted to the edges of the
specimen, clamp-down bolts secure them in place. Plate length is approximately four times the
width. Two sizes of plate test specimens are shown in Figure 4.

Figure 5 gives the dimensions of channel test specimens whose ends are potted in aluminum
blocks. The slenderness ratios (L'/pyi,) of channel test specimens are approximately equal to 12,
which is the ratio required for a crippling test. Moreover, the value p,,;,/b¢ (maintained at about
one-third) is the approximate value when bf/byw >0.3. The two common channel sizes are shown in

Figure 6. A-S/3501 graphite/epoxy was used exclusively in the test program with the following three
laminates.

[i452/04/¥452]'r
[1'452/01211452]'1*

These three laminates are most appropriate for the plate elements of stiffeners. End blocks are
loaded directly by the testing machine platens, thus simulating clampled-end conditions for both
plates and channels.

TEST RESULTS FOR THE PLATES

Compression test results for graphite/epoxy laminated plates with simply-supported, unloaded edges
are presented in Table |. Values for PT were computed using equations presented by the
authors[1]. Values for Picr indicate that in all cases, the theoretical buckling load was
unconservative; values for P€“/PCT show that in certain tests, the ultimate loads were less than the
corresponding theoretical elastic buckling loads, exposing the futility of using classical buckling
theory for laminated plates.

In Figures 7, 8, and 9, specimen displacement is plotted against machine load. In each figure.
the slope of the load displacement curve suddenly drops to about one half at the point of incipient
buckling. This same behavior was observed in orthotropic laminated plates by Harris[2] and in
metal plates by Stein [3]. Stein’s experiments agree quite well with his plate buckling analyses in
which a set of linear equations yield accurate results in simple form. In the authors’ analysis| | |
equations were derived from classical, closed-form orthotropic elastic buckling theory of plates.

Figure 10 shows one of the longer plates loaded in compression; the post buckling pattern
(four half waves with amplitudes of several times the thickness) is typical of the longer specimens.
The C-clamp applies light pressure against the V-blocks, preventing deflection caused by warping of
the test specimen. For shorter specimens, V-blocks require no additional support, and buckling
patterns are less pronounced.
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Figure 11 shows the same test specimen after failure. The failure appears to start at the point
of contact with the V-block, and then the crack in the outer 45-degree ply propagates toward the
center of the specimen. For many specimens, this failure is typical, but some specimens failed by
transfer shear cracks through the thickness along a line of contact with the V-blocks. In all cases,
some delamination occurred somewhere along at least one of the edges in contact with the V-block.
None of the failures, however, are considered catastrophic. Ultimate compressive strengths of the
laminates, reported in Reference 1, were determined by the authors[4] by testing small specimens in
the compression fixture and by testing Celanese specimens. All tests resulted in catastrophic
failures.

POTTING

L c=L+05

‘ ——

- C ]
: }
05 0.30 025 b . a=b+050

DIMENSIGON (IN.) SPECIMENS
b 2.00 2,4,6
L 8.00
b 3.00 1,3,5
L 12.00

Figure 1. Plate test specimens.
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